Work in rodents has demonstrated that progenitor transplantation can achieve limited photoreceptor replacement in the mammalian retina; however, replication of these findings on a clinically relevant scale requires a large animal model. To evaluate the ability of porcine retinal progenitor cells to survival as allografts and integrate into the host retinal architecture, we isolated donor cells from fetal green fluorescent protein (GFP)-transgenic pigs. Cultures were propagated from the brain, retina, and corneo-scleral limbus. GFP expression rapidly increased with time in culture, although lower in conjunction with photoreceptor markers and glial fibrillary acid protein (GFAP), thus suggesting downregulation of GFP during differentiation. Following transplantation, GFP expression allowed histological visualization of integrated cells and extension of fine processes to adjacent plexiform layers. GFP expression in subretinal grafts was high in cells expressing vimentin and lower in cells expressing photoreceptor markers, again consistent with possible downregulation during differentiation. Cells survived transplantation to the injured retina of allorecipients at all time points examined (up to 10 weeks) in the absence of exogenous immune suppression without indications of rejection. These findings demonstrate the feasibility of allogeneic progenitor transplantation in a large mammal and the utility of the pig in ocular regeneration studies.
Introduction

T
HERE HAS BEEN A LARGE BODY of recent work showing that stem and progenitor cells can be isolated from the mammalian nervous system and expanded in culture (MartinezSerrano et al., 1995; Palmer et al., 1997; Reynolds and Weiss, 1992; Ryder et al., 1990) . Interest in these cells has been heightened by evidence that such cells can integrate back into host tissues and differentiate into local cell types following transplantation to animal models of disease. Results of this kind have been of particular interest in the setting of the central nervous system (CNS), including the retina, brain, and spinal cord where endogenous repair frequently falls short of providing adequate functional recovery following injury. Furthermore, there are currently no restorative treatments available for neural or retinal degenerative diseases, such as Parkinson's disease, multiple sclerosis, retinitis pigmentosa, and macular degeneration. Here again, various cell transplantation strategies have shown promise (Brustle et al., 1999; Klassen et al., 2004; Kuehn et al., 2006; MacLaren et al., 2006; Ostenfeld et al., 1999; Rubio et al., 1999; Young et al., 2000) A fundamental challenge common to all cellular transplantation studies of this type is the need for unambiguous identification of donor cells within the host milieu. One strategy is to use xenogeneic cells that either have identifying cytological features (Couly et al., 1992) , or that can be subsequently labeled by species-specific antibodies (Klassen and Lund, 1990) . These methods have been successful in certain applications, but are of no use in models where xenografts are poorly tolerated. An important example in this respect is the pig (Warfvinge et al., , 2006 . Another method, and one that has been previously used in the pig, is prelabeling of cells with vital dyes such as DAPI, PKH26, or PHK67 (Klassen et al., 2007) . This method can be used to identify grafted cells, but is limited by diffusion of the dye out of the donor cells as well as uptake and incorporation by cells of the host. In addition, these dyes will tend to be rapidly lost in situations where donor cells are dividing and, in any case, the fine details of cellular morphology are not well visualized using this method. The preferred method for labeling donor cells is the use of a reporter gene such as an enzyme or fluorescent protein. While these markers are not entirely without potential problems, including irregular expression (Swenson et al., 2007) , possible cellular fusion (Terada et al., 2002) , and physiological side effects (Devgan, et al., 2004; Guo et al., 2007; Huang et al., 2000; Liu et al., 1999) , they allow detailed visualization of donor cell cytoarchitecture, and are remarkably stable and well-tolerated in many different cell types.
One method of labeling cells with a reporter gene is to first harvest the cells, then introduce the transgene, for example, via the use of viral vectors or electroporation. While these methods can be used on many different cell types, when possible, it is preferable to derive the cells directly from a viable, healthy animal already transgenic for the particular gene, as has been done with GFP mice (Klassen et al., 2004) . As opposed to rodents, large mammalian models better approximate the efficacy of stem cells in the therapeutic setting. One such animal model is the pig; however, GFP-transgenic animals have been unavailable in this species until recently (Park et al., 2001) . Here, we derive progenitor cells from the CNS and corneo-scleral limbus of GFP-transgenic pigs, and show for the first time porcine progenitor cells are capable of morphological integration into the host retina. In addition, we demonstrate that allogeneic porcine progenitor cells can survive for at least 10 weeks in immunocompetent hosts.
Materials and Methods
Donor and recipient animals
The donor animals for tissue and progenitor cell isolation were pigs of the NT5 line, transgenic for GFP (Fig. 1A) . These transgenic animals express the green fluorescent protein in all nucleated cells and were generated using a CMV promoter in a replication-deficient retrovirus vector, as previously described (Park et al., 2001) . Briefly, transgenic porcine zygotes and, ultimately, fertile pigs were obtained following nuclear transfer from porcine fibroblasts modified to express the enhanced version of GFP. The fetal eye shown in Figure  1B is that of a pig of the NT92 line, transgenic for enhanced GFP on a ␤-actin promoter, and shown at 45 days gestational age.
The recipients used in transplantation experiments were female Danish Landrace pigs of 4 months age and weight approximately 30 kg. No immunosuppressive treatment was used, either locally or systemically, at any time in these experiments. All live animal work was performed according to IACUC-approved protocols and in compliance with NIH and institutional guidelines, including the Danish Animal Experiment Inspectorate.
Tissue harvest and cell isolation
For tissue collection, a pregnant sow at 60 days of gestation was placed under terminal anesthesia and the uterine horns and fetuses were removed through an abdominal incision. Tissue was stored on ice and transported the same day from Columbia, Missouri, to either Orange County, California, or Boston, Massachusetts.
Porcine forebrain progenitors were obtained using methods described previously (Schwartz et al., 2005) . Briefly, after enzymatic digestion the cell-containing tissue homogenates were grown in fibronectin-coated flasks and incubated in growth medium containing FBS (10%, by vol.; HyClone, Logan, UT; hyclone.com) ). Growth medium consisted of high glucose DMEM/F12 (Irvine Scientific, Irvine, CA; irvinesci.com), 40 ng/mL bFGF, 20 ng/mL hEGF, 20 ng/mL hPDGF-AB, 2 mM L-glutamine, BIT 9500 (10% by vol.; StemCell Technologies, Vancouver, BC, Canada; stemcell.com), and antibiotics. Within 24 h, media was exchanged for growth medium without FBS. Cultures were subsequently re-fed by exchanging 50% of the media every 2-3 days.
Retinal progenitors were also obtained using methods similar to those previously described (Klassen et al., 2007) . Briefly, pooled retinal tissue homogenates were plated on fibronectin and incubated with medium containing high-glucose DMEM-F12 (Irvine Scientific), 20 ng/mL hEGF, 2 mM L-glutamine, BIT 9500 (10% by vol.), antibiotics, and FBS (10% by vol.). Within 24 h, all medium was exchanged for growth medium without any FBS. Cultures were subsequently re-fed by 100% medium exchanges every 2-3 days.
Progenitor cells from the corneo-scleral limbus were grown using previously established methods. Briefly, isolated anterior segment tissue samples from 60-day-old (midgestational) transgenic GFP-expressing pig fetuses were delivered to the UC Irvine Medical Center on ice within 48 h of harvest. The cornea-scleral rims were gently cleaned of uveal tissue, rinsed using PBS supplemented with antibiotics, and placed on collagen type IV-coated cell culture dishes. Serum-free keratinocyte medium supplemented with recombinant EGF, L-glutamine, and bovine pituitary extract (Gibco, Invitrogen Corp., Carlsbad, CA) was used. The cultures were incubated under 5% CO 2 at 37°, with media change performed every two days.
Determination of percentage of transgenic cells showing GFP expression
Cells from the fetal GFP-transgenic pig retina were grown in T75 flasks and photomicrographs taken at selected time points from 1 to 36 days. Images were obtained using green fluorescence and bright-field channels separately and these were then merged. Cells were counted through a transparent 36-square grid covering the entire image and the percentage of cells expressing GFP was calculated from the total. 0.05% sodium azide. A blocking solution of TBS (Trisbuffered saline), 0.3% Triton X-100, and 3% donkey serum (Jackson Immunoresearch, West Grove, PA; jacksonimmuno.com) was then applied for 15 min. The cells were then rinsed twice in TBS buffer. Primary antibodies (Table 1) were diluted in TBS, 0.3% Trition X-100, and 1.5% donkey serum at previously determined concentrations, applied to samples, and left overnight at 5°C on a mechanical rocker. The next day the cells were rinsed with TBS. All secondary antibodies were donkey-derived (Jackson Immunoresearch) and diluted 1:100 in 250 L TBS, 0.3% Triton X-100, and 1.5% donkey serum. Secondary antibodies were applied to samples and again left overnight at 5°C on a rocker. The following day, slides were rinsed with TBS three times. Coverslips were mounted with Prolong ® Antifade Kit (Molecular Probes, Eugene, OR; probes.invitrogen.com) and photomicrographs recoded via an Olympus IX70 Microscope and Macrofire digital camera (Optronics, Goleta, CA; optronics.com) using Image Pro Plus 4.5 with AFA plugin 4.5 software.
Transplantation
Progenitor cell tranplantation surgery was carried out in 4-month-old female Danish Landrace pigs in the manner previously described, with minor modifications (Klassen et al., 2007; Warfvinge et al., 2005 Warfvinge et al., , 2006 . All animals were preanesthetized with intramuscular injections of 15 mg midazolam (DormicumA; Roche, Hvidovre, Denmark; www.roche.dk) and a composition consisting of [zolazepam 11.9 mg/mL and tiletamin 11.9 mg/mL (Zoletin 50 Vet, Virbac SA, Carros CEDEX, France; www.virbac.com) mixed with xylazine 12.38 mg/mL (Intervet, Skovlunde, Denmark; www.intervet.dk), ketamine 14.29 mg/mL (Intervet), and methadone 2.38 mg/mL (Nycomed, Roskilde, Denmark; www.nycomed.com)]. The pigs underwent endotracheal intubation and were artificially ventilated with 2-3% isoflurane (Abbott, Solna, Sweden; www.abbott.se) in combination with oxygen. Stroke volume (300 mL/stroke) and respiratory frequency (12/min) were kept constant throughout. In each case the left pupil was treated with topical drops consisting of a combination of 0.4% oxybuprocain (SAD, Copenhagen, Denmark), 10% Metaoxedrin (SAD), 0.5% Mydriacyl (Alcon, Belgium, www.alcon.com/belgium), 1% atropine (SAD), and 5% povidone-iodine (SAD). At surgery, the central and posterior vitreous was removed together with the posterior hyaloid membrane using a three-port pars plana vitrectomy.
Our prior work has indicated that progenitor cells rarely integrate into the retina in the absence of active retinal disease or injury (Young et al., 2000) . To promote the integration of grafted cells into the host retina, a number of different lesions were created in the left eye of the recipients prior to transplantation. These included laser burns applied by green argon endolaser in a grid pattern to the area centralis, subretinal scraping of the area centralis and performed through a retinotomy, as well as a pressure lesion, generated by elevating intraocular pressure to a level 5 mmHg below mean arterial pressure for a period of 2 h via monitored infusion of physiologic saline to the ocular anterior chamber. In three cases, laser lesions and pressure lesions were combined in the same eye (Table 2) . Thereafter, a retinal bleb was elevated in the area centralis by injection of 0.25-0.5 mL 0.9% NaCl through a 41-gauge needle. Endodiathermy was applied to the detached retina prior to enlargement of the retinotomy for transplantation.
GFPϩ progenitor cells were injected into the retinal bleb, either as a single cell suspension using a 27-gauge needle or as aggregated "neurospheres" using a 20-gauge needle. The single cell suspension and neurosphere injections both contained approximately 2 ϫ 10 7 cells. Immediate reflux of some cells into the vitreous cavity was frequently observed; there-KLASSEN ET AL. 394 fore, a small air bubble was placed in the subretinal bleb under the retinotomy to prevent further reflux after withdrawal of the needle. Chloramfenicol (SAD) was given locally at the completion of surgery to avoid infection. Postsurgically, pigs were examined by ophthalmoscopy on a weekly basis.
Histology and immunohistochemistry
Eyes were enucleated under anesthesia at 9 days (n ϭ 3), 2 weeks (n ϭ 3), 3 weeks (n ϭ 4), 5 weeks (n ϭ 6), and 10 weeks (n ϭ 5) posttransplantation (Table 2) . Following enucleation, pigs were killed using 2-4 g intravenous pentobarbital (Pentobarbital 200 mg/mL, KVL, Copenhagen, Denmark). Globes were placed in 4% paraformaldehyde (PFA) for 10-20 min, the anterior segment and lens removed, and posterior segment postfixed for 2 h in 4% PFA, with subsequent rinsing in rising concentrations of sucrose containing Sörensen's phosphate buffer. For each globe, a horizontal cut was made from temporal retinal margin to 2-3 mm nasal to the optic disc, so as to include the temporal ciliary margin, area centralis, and optic disc. Tissues were embedded in gelatin and sectioned at 12 m on a cryostat. Every 15th section was examined by epifluorescence microscopy for GFPϩ cells and every 10th stained with H&E.
Sections for immunolabeling were incubated with primary antisera for 16-18 h in a moist chamber at 4°C, rinsed in 0.1 M phosphate-buffered saline (PBS) with 0.25% Triton X-100, then incubated with secondary Texas Red-conjugated antibodies (1:200, Jackson Immunoresearch, West Grove, PA) for 1-2 h at room temperature in the dark. Nonoperated eyes served as untreated controls and there were additional negative controls from operated eyes in which incubation with primary antisera was omitted. Specimens were examined using an epifluorescence microscope and colocalization of GFP and Texas Red-labeled primary antibodies was assessed by superimposition of separate digital images of each fluorochrome.
Results
Fetal GFP-transgenic pigs could be distinguished from nontransgenic littermates by their yellowish appearance under ambient room lighting or, more definitively, by their striking appearance under illumination with fluorescent light of 480 nm (Fig. 1A) . Fetal pigs showed evidence of widespread GFP expression, although the fluorescence did not appear to be uniformly distributed. In some cases, illumination of the intact fetal eye produced a green reflex, suggestive of substantial GFP within the developing retina (Fig. 1B) . On closer examination, the observed level of endogenous GFP-associated fluorescence exhibited by fetal tissues was also variable and appeared to reflect a mosaic pattern of expression, as previously reported for these animals (Carter et al., 2002) and illustrated here in the mature retina (Fig. 1C) .
Following tissue dissection and dissociation of tissue from the brain, neural retina, and mincing of the isolated corneoscleral limbus, viable cellular populations were obtained from each of these tissue types (Fig. 1D-F) . Within cultured cell populations, the percentage of strongly GFPϩ profiles was frequently low yet repeated passaging of cells consistently resulted in increasing levels of endogenous GFP fluorescence. For cells derived from the retina, the degree of GFP GRAFTING GFP-PIG RPCs TO THE RETINA 395 Cell survival is estimated compared to number of injected cells as follows: ϩϩϩ ϭ is consistent with an order of magnitude decrement in cell number, ϩϩ ϭ an additional order of magnitude decrement, and ϩ ϭ yet another order of magnitude decrement.
Abbreviations used: C ϭ choroid, SR ϭ subretinal, Ro ϭ rosettes present, R ϭ retina, V ϭ vitreous.
upregulation was striking. In the case of fetal retinal cells, less than 1% of the profiles expressed detectable GFP during initial plating, whereas this figure rose to 80% over the initial 36-day period in culture ( Fig. 2) . The morphology of cultured cellular populations varied with site of origin. Except for their green fluorescence, progenitors from GFP-transgenic pigs exhibited the features typical of such cells. Progenitor cells derived from the CNS (Fig.  1D,E) were indistinguishable from those previously described from the porcine brain [24] and neural retina (Klassen et al., 2007) . Those derived from the corneo-scleral limbal region gave rise to a continuous monolayer of epithelioid morphology (Fig. 1F) , consistent with other cells of this type from other species, including humans (Cotsarelis et al., 1989; Schermer et al., 1986; Tseng, 1989; Zieske et al., 1992) .
Phenotypic marker expression by GFP-transgenic cells also corresponded to the pattern seen in our previous studies of porcine CNS progenitors (Klassen et al., 2007; Schwartz et al., 2005) . In both brain and retinal cultures we replicated widespread expression of nestin, vimentin, Sox2, Ki-67, NCAM, as well as more circumscribed expression of CD15, DCX, GFAP, PSA-NCAM, synapsin I, and ␤-III tubulin (see supplemental data). AQP4 expression was replicated in brain cultures (Schwartz et al., 2005) but not evaluated in retinal cultures. Retinal cultures contained a subpopulation of recoverin-expressing cells, as previously reported (Klassen et al., 2007) . More detailed examination of brain-derived cultures showed that expression of the neurodevelopmental marker Sox2 was particularly widespread, as was the proliferation marker Ki-67, albeit to a lesser degree, with considerable overlap in the distribution of these two markers of phenotypic immaturity. In contrast, expression of the marker GFAP was restricted, with little evidence of either Sox2 or Ki-67 coexpression by these cells (Fig. 3A) . These findings are consistent with cultures predominantly consisting of immature progenitor cells, but also containing restricted subpopulations of more mature cells of neural lineage, as we have previously reported.
In the present study it was possible to further evaluate the pattern of immunoreactivity with particular attention to the degree of correspondence between the expression of specific phenotypic markers and the GFP transgene. Comparison of the majority Sox2-expressing population in brain-derived cultures with the minority GFAP-expressing subpopulation revealed that many, but not all, of the Sox2-expressing cells were also GFPϩ, whereas there was little evidence for GFP expression by GFAPϩ cells (Fig. 3B) . Because GFAP is more often associated with mature cell types than is Sox2, the lack of endogenous GFP fluorescence in GFAPϩ cells raises the possibility of active downregulation of transgene expression by cells as they mature.
Following transplantation to the subretinal space of pigs with a variety of retinal lesions, GFPϩ profiles were subsequently identified in all recipient animals (n ϭ 21). Surviving cells were seen in the vitreous, retina, subretinal space, retinal pigment epithelium (RPE), and in one instance in the KLASSEN ET AL. 396
FIG. 2.
GFP expression by retinal cells during the initial culture period. The percentage of cells exhibiting GFP fluorescence increased markedly over the initial 36 days in culture. GFP-positive cells were quite rare in primary retinal isolates from fetal GFP-transgenic pigs, and remained below 10% of the total population until culture day 14. Subsequently, the percentage of GFP-positive cells increased rapidly, reaching 50% on day 22 and 80% on day 36, the latest time point examined. choroid (Table 2 and Figs. 4 and 5) . Transplanted progenitors were able to integrate morphologically into host cellular layers and prominent GFP expression allowed visualization of fine cellular processes extending into the surrounding parenchyma. Integration into the neural retina was seen in 11 out of 21 recipients, including [1/3] that received brainderived cells ([2/6]) and a majority ([9/15]) of those that had received retina-derived cells (Table 2) . GFPϩ brain progenitors could be seen migrating into the retina from either the vitreal surface (Fig. 4D-F) or the subretinal space (Fig. 4I) . In two cases, GFPϩ retinal progenitors formed characteristic rosettes suggestive of photoreceptor differentiation, as we previously reported with non-GFP porcine retinal progenitor cells (Klassen et al., 2007) . Radial integration into the ONL and INL was also seen (Fig. 4I-K) , although the phenotypic status of these was not established. Survival and retinal integration were replicated with each of the different types of retinal lesions, namely subretinal scraping, laser photocoagulation, transient elevated intraocular pressure, and laser combined with pressure (Table 2) . Retinal integration was enhanced in the vicinity of injury (Fig. 4L-N) , as we have previously reported in a number of mammalian models (Klassen et al., 2004; Warfvinge et al., 2005; Young et al.) .
Evaluation of marker expression in vivo revealed that GFPϩ retinal-derived cells in the subretinal space exhibited widespread colabeling for vimentin (Fig. 5A-C) . Ramifying GFPϩ processes within the inner plexiform layer (IPL) showed extensive colabeling with synaptobrevin, while those extending into the cellular layers on either side of the IPL did not (Fig. 5D-F) . Grafted retinal-derived cells in the subretinal space also expressed the photoreceptor markers transducin (Fig. 5G-I ) and rhodopsin ( Fig. 5J-O) , although the degree of GFP colabeling was more limited than with the other markers. There was not evidence of immune cell infiltration of the grafts at any time point; however, there was more variability in the overall amount of GFPϩ profiles seen at the latest time points examined, namely 3 weeks for brainderived cells and 10 weeks for retina-derived cells (Table 2) . 
Discussion
x not tested fluorescent protein) transgene. While tremendous progress has been made with respect to the generation of transgenic fluorescent mice, this technology has only recently become available for large animal studies. Here we show that progenitors can be cultured from the brain, retina, and corneolimbal region of fetal GFP-transgenic pigs, thereby expanding on previous work in this model reporting the isolation of progenitor cells from peripheral blood (Price et al., 2006) .
In addition, we demonstrate here the utility of using GFPtransgenic porcine progenitor cells in experiments involving transplantation to the injured retina of allogeneic recipients. Characterization of cultured cells from the CNS of fetal GFP-transgenic pigs revealed a strong correspondence with previously obtained cell types from the brain (Schwartz et al., 2005) and retina (Klassen et al., 2007) of nontransgenic domestic pigs. These similarities included morphological features, proliferative activity, and expression of immature and mature markers. The corneo-limbal cultures generated confluent monolayers of flat cells of epithelioid appearance, consistent with the presence of limbal progenitor cells within these cultures, although further work will be necessary to verify the identity and potential of these cells. From the different porcine progenitor cell types investigated here, the only difference between GFP-transgenic and nontransgenic cells appears to be expression of the fluorescent reporter gene. Although future investigations may reveal other differences, the relative normalcy of the GFP-transgenic cells should not be unexpected considering that the cells were obtained from a lineage of viable transgenic animals rather than as a result of extensive in vitro modification of cell lines.
After transplantation to the posterior vitreous or subretinal space, the cells maintained endogenous GFP expression sufficient to allow positive identification of grafted cells as they migrated into, and took up residence within, the host neural retina. In addition, it was possible to visualize the morphology of fine cellular processes extending from these cells within the context of the surrounding retinal cytoarchitecture. Our previous work in the pig allograft model, which had relied exclusively on the use of vital dyes to label grafted progenitor cells, was only able to show very limited evidence in this regard (Klassen et al., 2007) . Importantly, we are now able to show that the processes of grafted porcine retinal progenitor cells exhibit a notable degree of respect for the laminar organization of the retina, preferentially ramifying toward the outer plexiform layer (OPL) and within the IPL of the host.
GFP expression also allowed for more detailed examination of marker coexpression by grafted cells than was possible in our previous study. In particular, synaptobrevin was seen to strongly colocalize with GFPϩ processes, specifically within the host plexiform layers where synapses are normally found. GFPϩ profiles in the cellular layers were negative for this synaptic marker. These data suggest differentiation of grafted cells along the neuronal lineage and raise the possibility of at least some degree of directed synaptic integration into the local retinal circuitry. The present study also verified the expression of photoreceptor markers by grafted cells within the subretinal space, as we reported previously in both mouse (Klassen et al., 2004) and pig (Klassen et al., 2007) retinal progenitor allograft models. In addition, we found preliminary evidence indicating that the porcine cells are also capable of integrating into the ONL and assuming an appropriate radial orientation within that layer, as previously seen in mouse studies (Klassen et al., 2004; MacLaren et al., 2006) . Whether these same cells also develop outer segments and express photoreceptor markers is not yet clear.
An additional consideration is variability in expression of the GFP reporter gene itself. It was previously known that the strain of GFP-transgenic pig used here for donor cell derivation exhibits a mosaic transgene expression pattern (Carter et al., 2002) . That being the case, it was unclear from the outset whether CNS progenitor cells cultured from fetal tissue would successfully express GFP at all. Interestingly, although our initial cultures contained relatively few GFPϩ profiles, the prevalence of transgene expressing cells increased to a very significant extent with repeated passaging in culture to the point where GFPϩ cells dominated the cultures. This enrichment for GFPϩ cells appeared to result from increased expression of the GFP transgene in previously nonexpressing cells, possibly associated with an abrogation of endogenous transgene suppression. Although tentative, this conclusion is based on the rapid rate of change in fluorescence and the neighbor-neighbor relationship of GFPϩ cells in the cultures, which did not suggest strictly clonal origins. Furthermore, close inspection of the immunolabeling data from the present study reveals some additional findings in this respect. In particular, there appeared be greater coexpression of GFP in association with the immature, albeit nonspecific, progenitor markers vimentin and Ki-67, and noticeably decreased expression of GFP in association with more mature markers GFAP, rhodopsin, and transducin. Most likely, the observed variability in transgene expression relates to the use of a CMV promoter, which appears to function optimally for cells in culture, but is suppressed by differentiated cells of the retina. Initial results from a more recently developed GFP-transgenic line (NT92) in which the GFP gene is driven by a ␤-actin promoter indicate that more uniform and sustained expression is attainable (Prather et al., unpublished data) . Since the GFP sig-
FIG. 4.
Transplantation and integration of GFP-transgenic progenitors in the eye. Following transplantation, spherical aggregates could be seen in the vitreous cavity, shown here for brain-derived cells and viewed both without back-illumination (A) and with the fundus in the background (B). Preretinal aggregates were confirmed histologically as GFPϩ spheres (C). GFPϩ spheres adhered to the vitreal surface of the retina, resulting in migration of GFPϩ profiles into the host tissue and elaboration of fine processes (D-F). Retinal-derived donor cells survived in the subretinal space (G, arrowheads) and integrated into the RPE layer (H) as well as the neural retina (I-N). Integrating cells frequently displayed a radial orientation, seen here as vertical (I, arrows; J, arrowhead; K, arrowhead), and extended processes within the plexiform layers, especially the IPL (J,K). GFPϩ profiles showed a tropism for areas of injury (L, arrows), including that produced by laser photocoagulation (L, centered on arrowhead), with asterisks indicating retinal lacunae peripheral to the central axis of the laser-induced damage (L). Individual profiles within the INL displayed both radial and horizontal orientations (M,N). (See paper online for Fig. 4 in color.) 
FIG. 5.
Marker expression by grafted GFP-transgenic retinal progenitors. Following transplantation, GFPϩ porcine RPCs in the subretinal space broadly expressed vimentin (A), while others located in the INL colabeled with GFAP (B), although labeling of donor profiles with this marker was limited (arrowheads). GFPϩ processes exhibited a tropism for the synaptic layers of the retina and colabeled extensively with synaptobrevin within them (C). Grafted cells expressed the photoreceptor markers rhodopsin (D) and transducin (E) in the subretinal space, although this appeared to be associated with limited GFP coexpression for both markers (arrowheads). (See paper online for Fig. 5 in color.) nal appears to diminish upon differentiation, the number of GFPϩ cells detected after 10 weeks is likely to underrepresent the number of cells that actually survived at that time point. Similarly, it is possible that the morphological evidence presented here underrepresents the degree and extent of progenitor cell integration obtained in the retina, specifically in reference to cells differentiating into radially oriented photoreceptor cells within the ONL.
In the present study, endogenous GFP expression allowed us to demonstrate that cultured progenitor cells can survive transplantation to the allogeneic retina for at least 10 weeks, the latest time point examined. This doubles our previously reported survival time of 5 weeks in the pig (Klassen et al., 2007; Warfvinge et al., 2005) and can be attributed to the advantages of using GFPϩ allogeneic cells as donor material. Furthermore, even at 10 weeks there was no evidence of rejection such as perivascular cuffing or cellular infiltration of either the choroid or the grafts, suggesting that longer survival times are achievable and that expression of a modified jellyfish protein (GFP) by donor cells is relatively well tolerated in the microenvironment of the pig retina. Nevertheless, because the overall number of GFPϩ cells could be interpreted as diminishing at 3 weeks for the brain progenitors and at 10 weeks for the retinal progenitors, the possibility of a more gradual attrition of donor cell cannot be ruled out. This apparent decrease in cell viability might actually reflect decreased levels of GFP expression as the cells differentiate or simply variability between samples.
Conclusion
The ability to culture progenitor populations from the pig eye and brain, combined with the availability of a GFP-transgenic pig from which to source these cells, improve considerably the utility of this large animal model in the context of developing regenerative approaches to the retina and elsewhere. Successful progenitor cell transplantation in the pig eye provides an important demonstration that the results previously obtained in rodents can be reproduced in large mammals. Further studies are indicated wherein the advantageous donor cells developed here are combined with more specific porcine models of ocular disease (Petters et al., 1997) , as well as refined methods of subretinal delivery such as biodegradable polymer scaffolds (Klassen, 2006; Lavik et al., 2005; Tao et al., 2007; Tomita et al., 2005; Warfvinge et al., 2005) .
